Experiments were conducted to examine whether mercury-sensitive aquaporins facilitate photosynthetic CO 2 diffusion across the plasma membrane of leaf mesophyll cells. Discs without abaxial epidermes from Vicia faba leaflets were treated with HgCl 2 , an inhibitor of aquaporins. Hydraulic conductivity of the plasma membrane of these discs, measured as the weight loss of the discs in the 1 M sorbitol solution, was inhibited by sub-mM concentrations of HgCl 2 by 70 to 80%. Photosynthetic CO 2 fixation was also inhibited by the HgCl 2 treatment in a similar concentration range. When 0.3 mM HgCl 2 solution was fed to the V. faba leaflets with intact epidermes via the transpiration stream, the rate of photosynthesis on leaf area basis (A) measured at photosynthetically active photon flux density of 700 m m m mmol m -2 s -1 and at leaf temperature of 25°C, decreased by about 20 to 30% at any CO 2 concentration in the intercellular spaces (C i ). However, when CO 2 concentration in the chloroplast stroma (C c ) was calculated from fluorescence and gas exchange data and A was plotted against C c , A at low C c concentrations did not differ before and after the treatment. The conductance for CO 2 diffusion from the intercellular spaces to the chloroplast stroma (g i ) decreased to 40 and 30% of the control value, when the leaflets were fed with 0.3 mM and 1.2 mM HgCl 2 , respectively. Similar results were obtained with leaves of Phaseolus vulgaris. Although effects of HgCl 2 were not specific, the present results showed that HgCl 2 consistently lowered g i . It is, thus, probable that the photosynthetic CO 2 uptake across the plasma membrane of the mesophyll cells is facilitated by mercury-sensitive aquaporins.
Introduction
In photosynthesizing C3 leaves, the CO 2 concentration in the intercellular spaces, C i , is lower than that in the ambient air, C a . Along this gradient CO 2 diffuses into the leaf. CO 2 concentration in the chloroplast stroma, C c , is further lower than C i . Recent technological innovations, including pulse-modulated fluorometry (Di Marco et al. 1990 , Loreto et al. 1992 , Epron et al. 1995 ) and on-line measurement of carbon isotope discrimination (Evans et al. 1986 , von Caemmerer and Evans 1991 , Epron et al. 1995 , Hanba et al. 1999 ) have enabled us to estimate C c . C c can be as low as half the C a (for a review, see Evans and Loreto 2000) . This indicates that resistance to CO 2 diffusion from the ambient air to the chloroplast stroma is an important limiting factor of photosynthesis.
Resistance to CO 2 diffusion imposed by stomata has been well studied and the drawdown of CO 2 concentration, C a -C i , is about 60 to 120 mmol mol -1 when C a is 360 mmol mol -1 (Evans and Loreto 2000) . Resistance to CO 2 diffusion from the surface of mesophyll cell walls to the chloroplast stroma, via plasma membrane, cytoplasm and chloroplast envelope, is comparable to the stomatal resistance. In this paper, the inverse of this resistance is referred to the internal conductance, g i . g i decreases with the increase in thickness of mesophyll cell walls (Terashima et al. 1995 . Because diffusion of CO 2 in the water is slower than that in the air by 10 -4
, the decrease in the diffusion path-length from the mesophyll surface to the plasma membrane by having thin cell walls should be effective in increasing g i (Nobel 1991) . g i also positively depends on the cumulated surface areas of chloroplasts facing the intercellular spaces, S c Loreto 2000, Terashima et al. 2001) . However, other factors that potentially control g i have not been examined. For example, g i changes without remarkable changes in S c and/or cell wall thickness in the late phase of leaf development , in the early phase of senescence (Loreto et al. 1994) , and under salt stress conditions (Delfine et al. 1998 , Delfine et al. 1999 . These findings indicate that CO 2 permeability of the membranes may change with developmental stages and/or changes in environmental conditions. Aquaporins, which were first identified in animal cells (Preston et al. 1992) , are water channels that facilitate passive movement of water across the membranes along the gradient in water potential (for reviews, see Maurel 1997 , Kjellbom et al. 1999 . Aquaporins are abundant in the vacuolar and plasma membranes in plant cells including mesophyll cells of the higher plants and the abundance of aquaporins change in response to changes in the environmental conditions (Kjellbom et al. 1999 , Smart et al. 2001 . Very recently, it was shown that aquaporin 1 in animal cells transports CO 2 as well as water (Cooper and Boron 1998 , Nakhoul et al. 1998 , Ramesh Prasad et al. 1998 , but see Yang et al. 2000) . Thus, it is highly probable that plant aquaporins also facilitate CO 2 diffusion across the plasma membrane. In the studies with the animal aquaporin 1, Xenopus oocytes (Cooper and Boron 1998, Nakhoul et al. 1998 ) and liposomes (Ramesh Prasad et al. 1998 , Yang et al. 2000 were used and changes in CO 2 concentration were estimated from the changes in pH. Because leaf mesophyll cells have an efficient intrinsic CO 2 probe, the chloroplast, changes in CO 2 concentration can be monitored as changes in photosynthetic rate. It is also established that water transport thorough aquaporins is inhibited by mercurial compounds such as HgCl 2 (Tazawa et al. 1996 , Tazawa et al. 1997 , Kjellbom et al. 1999 . Hg 2+ binds to the cysteine residues in the aqueous pore of the water channels and inhibits water conduction (Murata et al. 2000) . If CO 2 diffusion is facilitated by aquaporins, Hg 2+ will inhibit CO 2 diffusion as well. Therefore, after confirming that water conduction in the mesophyll cells of Vicia faba was severely inhibited by HgCl 2 , we examined effects of HgCl 2 on dependence of leaf photosynthesis on the CO 2 concentration and on the internal conductance, g i .
Results
Effects of HgCl 2 on the water loss from Vicia faba leaf discs without abaxial epidermes by the treatment in 1 M sorbitol for 60 s are shown in Fig. 1 . In the absence of HgCl 2 , the water loss relative to the initial weight of the disc at full turgor by the treatment with 1 M sorbitol for 60 s was about 20%. With the increase in HgCl 2 concentration, the relative water loss decreased curvilinearly and attained the lowest value of about 6% at 0.5 mM HgCl 2 , indicating that HgCl 2 decreases hydraulic conductance of the plasma membrane of the mesophyll cells.
Effects of HgCl 2 on photosynthetic CO 2 responses in V. faba leaf discs without epidermes were examined with a laboratory-constructed CO 2 gas exchange system. With this system, we were able to measure photosynthetic CO 2 fixation rate at nearly 100% humidity. The degree of photosynthesis inhibition was dependent on the concentration of HgCl 2 (Fig. 2) . Because the method and the time period for HgCl 2 treatment (5 min) were the same in the experiments for Fig. 1 and 2, the data in these figures can be compared. Remarkable inhibition of photosynthesis occurred at a concentration range that also affected hydraulic conductance.
Relationships between the rate of net photosynthesis on leaf area basis (A) and the CO 2 concentration in the intercellular spaces (C i ) in V. faba leaflets with intact epidermes before and after the application of HgCl 2 are shown in Fig. 3 . After the feeding of 0.3 mM HgCl 2 , A decreased at any C i . Except for the high C i range, the same A was attained at higher C i in the presence of HgCl 2 . When 1.2 mM HgCl 2 was fed, the decrease in A was severer, in particular at the low C i range.
CO 2 concentration in the chloroplast stroma (C c ) was calculated from gas exchange and fluorescence data. R l did not change by the HgCl 2 treatment. When A was plotted against C c , differences in the slope at low CO 2 concentrations were small (Fig. 4) . When the leaflet was fed with 0.3 mM HgCl 2 , the curves before and after the treatment mostly overlapped (Fig. 4 ). However, after the feeding of 1.2 mM HgCl 2 , the curve lay lower than that obtained before the treatment (Fig. 4) .
Values of the internal conductance (g i ) before and after the HgCl 2 feeding are compared in Table 1 . Although g i values were somewhat scattered, effects of HgCl 2 on g i were remarkable and appeared to be dependent on the concentration of HgCl 2 . After the treatment with 1.2 mM HgCl 2 , g i decreased to about 30% of the control values. The A-C i and A-C c relationships were also obtained with Phaseolus vulgaris leaves. Somewhat higher HgCl 2 concentrations were needed to induce inhibition of photosynthesis in P. vulgaris. A-C i relationships before and after the application of HgCl 2 are shown in Fig. 5 . When 1 mM HgCl 2 was fed, A at the same C i decreased by about 30%. With 2 mM HgCl 2 , the decrease in A was more pronounced, and A at high C i concentrations decreased to about half the control level.
When A was plotted against C c , the data points before and after the feeding of 1 mM HgCl 2 fell on the similar lines (Fig.  6 ). However, with 2 mM HgCl 2 , A at the same C c decreased considerably. Electron transport rates in P. vulgaris leaves calculated from Genty's parameter (Genty et al. 1989) are plotted against C i (Fig. 7) . The electron transport rate decreased after the HgCl 2 . Electron transport rates were also plotted against C c (Fig. 8) . When the leaf was fed with 1.0 mM HgCl 2 , there was little difference in the dependence of the electron transport rate on C c . However, with 2 mM HgCl 2 , the electron transport rate at any C c was considerably lower than the rate before the treatment.
Discussion
Hydraulic conductivity of the plasma membrane in the leaf discs without epidermis decreased markedly by the HgCl 2 treatment. Because it is established that most aquaporins are mercury sensitive (Kjellbom et al. 1999 ), the present results indicate that there are mercury-sensitive aquaporins in the plasma membrane of the mesophyll cells and water movement across the plasma membrane mainly occurs through such aquaporins. It is known that Hg 2+ binds to cysteine residues in the aqueous pore of the water channels, thereby inhibiting water transport (Kjellbom et al. 1999 , Murata et al. 2000 . If aquaporins in the plasma membrane of the mesophyll cells facilitate CO 2 diffusion as has been shown for animal aquaporin 1 (Cooper and Boron 1998, Nakhoul et al. 1998 , , respectively. The data were fitted by quadratic functions.
Ramesh Prasad et al. 1998 , but see Yang et al. 2000) , HgCl 2 would inhibit photosynthetic CO 2 diffusion across the plasma membrane. The agreement of the HgCl 2 concentration ranges that inhibited hydraulic conductance and photosynthesis (see Fig. 1 , 2) supports this possibility.
In the experiments with leaves or leaflets with intact epidermes, higher concentrations of HgCl 2 were needed to induce adverse effects on photosynthesis in P. vulgaris than in V. faba (c.f. Fig. 3 and Fig. 5 ). After the feeding of HgCl 2 , stomatal conductance decreased considerably in P. vulgaris, but not in V. faba (data not shown). This is probably attributed to difference in mesophyll anatomy between these species. P. vulgaris has heterobaric leaves and V. faba has typical homobaric leaves (Terashima 1992) . In P. vulgaris, much water would move from veins to stomata via bundle sheath extensions. Therefore, mesophyll cells might be somewhat bypassed and Hg 2+ might accumulate at evaporation sites around the stomatal pore. This would explain why higher concentrations of HgCl 2 were needed to induce inhibition of photosynthesis and stomata tended to close in P. vulgaris. On the contrary, mesophyll cells in V. faba leaflets would be more directly affected by Hg
2+
. In the experiments with leaves or leaflets with intact epidermes, we found that A-Ci curves changed considerably after the HgCl 2 feeding (Fig. 3, 5) . However, when HgCl 2 concentra- , respectively. The data were fitted by quadratic functions.
tions fed to the leaf(let) were low, A-C c curves in the low C c range were little affected (Fig. 4, 6 ). These indicate that HgCl 2 treatment at low concentrations mainly caused the decrease in g i . When the leaves or leaflets were fed with HgCl 2 at higher concentrations, A-C c curves lay below the curves before the HgCl 2 feeding. The latter was due to severe inhibition of RuBP regeneration in addition to the lowered g i (see below). The electron transport rate in P. vulgaris leaves decreased in the presence of 2 mM HgCl 2 (Fig. 7, 8) . Similar results were obtained in V. faba (data not shown). Because HgCl 2 is known to inhibit plastocyanin (Kimimura and Katoh 1972) , the decrease in the electron transport rate could be attributed to the inhibition of plastocyanin. In addition, HgCl 2 would decrease the electron transport rate via inhibiting the Calvin cycle enzymes that have sulfhydryl groups. When electron transport rate is lowered by some inhibition or by decreasing photosynthetically active photon flux density (PPFD) of the actinic light to the extent at which photosynthesis is limited even at low C i values by ribulose 1,5-bisphosphate (RuBP) regeneration rather than by RuBP carboxylation, the initial slope of the A-C i curve decreases as well as the asymptote at the high C i level. This phenomenon is actually utilized for determination of the CO 2 compensation point without mitochondrial respiration, G* (Brooks and Farquhar 1985, Laisk and Oja 1998) . When the initial slope of the A-C i curve is lowered by the decrease in the rate of RuBP regeneration, the initial slope of the A-C c curve should also decrease because the concentration of RuBP in the stroma is lower than that of the active sites of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) and thereby a part of Rubisco active sites are not competent. However, the initial slopes of A-C c curves obtained in the presence of HgCl 2 at low concentrations changed to a very small extent if any. Therefore, in the presence of HgCl 2 at low concentration, we observed the effect of decreased g i rather than that of decreased electron transport rate in the low CO 2 concentration range. At high CO 2 concentrations and/or in the presence of HgCl 2 at high concentrations, effects of decreased RuBP regeneration rate were also remarkable.
The present calculation of C c was based on several assumptions. One was that the electron flow was only used for driving the Calvin-Benson cycle or the photorespiratory path. At moderate PPFD of 700 mmol m -2 s -1 used in the present study, the electron flow might not include much of other activities such as the water to water cycle (Miyake and Yokota 2000) . We assumed that leaf absorptance was 85% and the absorbed light is equally allocated to PSI and PSII, and adopted S r of 3,000. We calculated C c values with several different sets of parameters (data not shown). Although such calculations gave different C c and g i values, the trends were similar.
In summary, the present study clearly showed that HgCl 2 inhibits leaf photosynthesis. Although the effects of HgCl 2 were not specific to CO 2 conductance, the decrease in g i was consistently observed in the presence of HgCl 2 . When the concentration of HgCl 2 was low, inhibition of photosynthesis at the low CO 2 concentration range was primarily due to the decrease in g i . Because the concentration range of HgCl 2 that affects hydraulic conductivity was similar to that affect photosynthesis, we propose that CO 2 diffusion across the plasma membrane of the mesophyll cells is facilitated by the mercury-sensitive aquaporins.
Materials and Methods

Plants
Vicia faba cv. Minpo plants were grown in vermiculite in 1.3-liter pots (two plants per pot) in a growth cabinet with 14-h day and 10-h night cycle. Day and night temperatures were 25°C and 20°C, respectively, and relative humidity was 70%. PPFD from a bank of white fluorescent tubes and two incandescent lamps was 700 mmol m -2 s -1
. Phaseolus vulgaris cv. Yamashiro-Kurosando plants were grown in vermiculite in 1.3-liter pots (two plants per pot) in a natural light greenhouse.
Every 2-3 d, 100 ml per pot of the 1/2 strength Hoagland solution was given. The 1/2 strength Hoagland solution contained 2 mM KNO 3 , 2 mM Ca(NO 3 ) 2 , 0.75 mM MgSO 4 , 0.665 mM NaH 2 PO 4 , 25 mM Fe-EDTA, 5 mM MnSO 4 , 0.5 mM ZnSO 4 , 0.5 mM CuSO 4 , 25 mM H 3 BO 4 , 0.25 mM Na 2 MoO 4 , 50 mM NaCl, and 0.1 mM CoSO 4 . For V. faba, fully expanded leaflets from the plants grown for 3-4 weeks were used. For P. vulgaris, first true leaves from the 10-to 15-day-old plants were used.
Hydraulic conductivity
The abaxial epidermis was removed from the leaflet of V. faba by the aid of the forceps. Several leaf discs of 15 mm in diameter were obtained from a leaflet with a leaf punch. These leaf discs were floated on 10 ml of water in Petri dishes (4.3 cm in diameter) with the adaxial surface upwards for more than 10 min. All Petri dishes were shaken gently at 100 strokes min -1 . This allowed leaf discs to be fully turgid. The leaf disc was then floated on 10 ml of an aqueous solution of HgCl 2 in a Petri dish with the adaxial surface upwards for another 5 min. The leaf disc was quickly sandwiched with two pieces of filter paper to blot excessive solution and weighed (initial FW, iFW). The blotting and weighting were conducted within 10 s. Then, the leaf disc was floated on 10 ml of 1 M sorbitol solution in another Petri dish for 60 s. After blotting excess sorbitol solution with filter paper, the leaf disc was weighed again (dehydrated FW, dFW). The relative water loss was calculated as (iFW -dFW) / iFW.
In the absence of HgCl 2 , FW of the leaf discs in the 1 M sorbitol solution continued to decrease for more than 5 min. Thus, the treatment in the 1 M sorbitol for 60 s would give a reasonable measure of the hydraulic conductivity of the plasma membrane.
CO 2 response of the leaf disk without the abaxial epidermis
The abaxial epidermis was removed from the leaflet of V. faba by the aid of the forceps and a leaf disc (8 cm 2 area) was obtained with a circular cutter. The disc was floated on 10 ml of water in a Petri dish (4.3 cm in diameter) with the adaxial surface upwards and the plate was shaken gently at 100 strokes min -1 for 5 min. The leaf disc was then placed on a moistened mat in a leaf disc chamber that was originally designed for the leaf oxygen electrode system (LD2, Hansatech, Kings Lynn, Norfolk, U.K.). The chamber was connected to a laboratory-constructed CO 2 gas exchange system (Noguchi and Terashima 1997) . The air nearly fully saturated with water vapor was provided to the leaf disc chamber at the rate of 500 ml min -1 . The temperature of the chamber was kept at 25°C and the PPFD was 1,100 mmol m -2 s -1 . The measurement started at the lowest CO 2 concentration of about 300 mmol mol -1 and then increased to 600 and subsequently to 1,200 mmol mol -1
. After the first series of gas exchange measurements, the leaf disc was treated with an aqueous solution of HgCl 2 in a Petri dish for 5 min and rinsed in water for another 5 min. The second series of measurements of photosynthesis were conducted similarly.
Gas exchange and fluorescence measurements
The leaf or leaflet was cut at the base of its petiole or petiolule in the water and the cut end was kept in the water in an Eppendorf tube. The CO 2 gas exchange measurement was made with a portable gas exchange system (LI 6400: LI-Cor, Lincoln, NE, U.S.A.). When the CO 2 concentration of the air entering the chamber was markedly different from that of the ambient air, leakage of CO 2 through the slits between the sealing pads and the leaf occurred. To minimize such CO 2 leak, we routinely used a laboratory-made skirt with which the air once exhausted from the chamber was again blown to the slits from the outside. The leaf was irradiated at moderate PPFD of 700 mmol m -2 s -1 at the leaf temperature of 25°C. Light was provided via an optical fiber with a rectangular light emitter. Vapor pressure deficit was less than 1 kPa. This portable gas exchange system uses equations of von Caemmerer and Farquhar (1981) for calculations of gas exchange parameters.
After measuring the rates of net photosynthesis on leaf area basis (A) at various ambient CO 2 concentrations to obtain the A-C i curve, we injected an appropriate volume of 35 mM HgCl 2 to the water in the Eppendorf tube and stirred well. The leaf(let) was kept in the light (700 mmol quanta m -2 s -1
) at C a of 360 mmol mol -1 . After about 3-4 h, A at various ambient CO 2 concentrations were measured for the second A-C i curve in the presence of HgCl 2 .
Fluorescence from the leaf was monitored with a pulse amplitude modulation fluorometer (PAM-101, H. Walz, Effeltrich, Germany) simultaneously with the gas exchange measurement of A. The optical fiber of the fluorometer was placed in the central space of the above-mentioned square emitter for the actinic light to attain the high fluorescence signal to noise ratio. For each CO 2 concentration, the steady state fluorescence level, F s , was monitored and a 1 s saturating flash (4,000 mmol m -2 s -1 ) was given to monitor F m ¢. From F s and F m ¢, electron transport rate, J, was calculated as,
where I is an incident PPFD (Genty et al. 1989 ). The factor 0.425 is used based on assumptions that PSI and PSII were equally excited and that the leaf absorptance was 0.85.
Calculations of C c and g i
The method of Epron et al. (1995) was used with slight modifications. The rate of CO 2 fixation, A, can be expressed as:
where V c and V o are rates of the RuBP carboxylation and oxygenation and R l is the mitochondrial respiration rate in the light on leaf area basis. Because carboxylation by the Calvin-Benson cycle and the photorespiratory path consume 2 NADPH, respectively, J in the absence of other functions such as the water to water cycle can be written as:
From these, On the other hand, from the kinetic parameters of Rubisco, , where V cmax and V omax are the maximum rates of RuBP carboxylation and oxygenation of Rubisco, respectively, K c and K o are Michaelis constants of Rubisco for CO 2 and O 2 , respectively, O is O 2 concentration in the chloroplast, and S r is the specificity factor of Rubisco. Then C c can be written as . We adopted O of 0.21 mol mol -1 and S r of 3,000 mol mol -1 . The latter was a representative value of the recent data (for reviews, von Caemmerer and Quick 2000, Evans and Loreto 2000) . R l was calculated using a linear regression line of the relationship between A and C i for the range of C i below 150 mmol mol -1 . A at the CO 2 compensation point without mitochondrial respiration, G*, was assumed to be equal to -R l (Brooks and Farquhar 1985) . G* used was 35 mmol mol -1 , which was calculated from the above S r . g i was obtained as, , where m c and m i are slopes of A-C c and A-C i curves at low C c and C i values, respectively. m c was obtained as the slope of the linear regression line of the data points with C c below 150 mmol mol -1 . For m i , the slope of the linear regression line of the data points with C i below 200 mmol mol -1 was used.
